Abstract -We investigated the relationship between infestation levels of Nosema ceranae and patriline membership by sampling individual worker bees from five colonies from both Russian and Italian lineages. Individual workers were tested for N. ceranae infestation level using qPCR, and then genotyped to determine their patriline membership. Levels of N. ceranae infestation differed significantly between lineages and colonies for both Russian and Italian workers. Patriline-based variance was evident only among the Russian workers. There was substantial variation in N. ceranae levels among Italian workers, ranging from 0 to 2×10 9 Nosema/bee, but this variation was unrelated to patriline membership. The results for Russian honey bees are congruent with predictions derived from the parasite hypothesis for the evolution of polyandry-patrilinial variance in parasite tolerance contributes to colony level resistance by reducing the probability of catastrophic failure that might occur if a colony was genetically homogeneous.
INTRODUCTION
Host-parasite relationships are inherently dynamic. The Red Queen hypothesis (van Valen 1973) predicts that host and parasite populations continually coevolve and tend to maintain their relative fitness. The framework of the hypothesis was expanded (Jaenike 1978; Hamilton 1980; Lively 1987; Hamilton et al. 1990; Lively et al. 1990; Ebert and Hamilton 1996) by proposing that sexual reproduction is an adaptation to resisting parasites since genetic recombination greatly increases the genetic variance for disease resistance in populations and accelerates the production of novel resistant phenotypes. An important feature of this hypothesis is that parasite-mediated selection pressures result in the maintenance of substantial genetic variance for resistance of a host population. The variance allows the host to evade the coevolving parasites and reflects the divergent selection pressures mediated by a parasite population that has genetic variance for virulence (Hamilton 1980; Hamilton et al. 1990; Ladie 1992) .
In the honey bee (Apis mellifera L.) and other social insects, genetic variance exists both at the population level, as it does with other organisms, and also at the within-colony level. Within-colony variance has its origins in the extreme levels of polyandry (mating with >10 drones), which are a notable feature of honey bee biology (reviewed in Palmer and Oldroyd 2000) . Selection for increased intracolonial disease resistance is a compelling hypothesis for the origin of polyandry (Tooby 1982; Hamilton 1987; Sherman et al. 1988; Shykoff and Schmid-Hempel 1991a, b; Schmid-Hempel 1995 ; but see van Baalen and Beekman 2006) , just as increased variance in intrapopulational disease resistance is offered in the expanded "Red Queen" hypothesis for the evolutionary maintenance of sexual reproduction. This is supported by experimental evidence that shows a reduction in genetic variance within a colony increases disease severity (Tarpy 2003; Tarpy and Seeley 2006; Seeley and Tarpy 2007) .
The microsporidian Nosema ceranae (Fries 2010 ) is an excellent pathogen with which to test the pathogen hypothesis for polyandry. This species expanded its host range from Apis cerana to Apis mellifera in the late 1980s to early 1990s and has now displaced Nosema apis (the naturally occurring microsporidian infecting A. mellifera) as the dominant microsporidian parasite of honey bees in the USA (Chen et al. 2008) . Symptoms of N. ceranae infestations are less overt than those associated with N. apis infestations and consist primarily of poor colony growth and dwindling (Higes et al. 2008 ). However, current N. ceranae strains in the USA are more virulent than endemic N. apis Paxton et al. 2007) . Time course studies reveal that N. ceranae can cause substantial colony mortality (MartinHernandez et al. 2007; Higes et al. 2008) . A parsimonious explanation for this elevated virulence is that most honey bee lineages are naive to the newly emerged parasite and have yet to evolve N. ceranae-specific genetic resistance.
In order to test if genetic resistance to N. ceranae exists among honey bees, we compared pathogen levels among patrilines within ten honey bee colonies, five of the Russian lineage and five of the Italian lineage. We predicted that polyandry in honey bee colonies would confer variation in resistance to N. ceranae. More specifically, we predicted that we would find significant variation in levels of N. ceranae among patrilines within individual honey bee colonies.
MATERIALS AND METHODS

Sample collection-colony prescreening (phase 1)
A total of 29 colonies of Russian honey bees and 22 Italian honey bee colonies from adjacent apiaries were chosen at random and sampled in April and June 2010 (respectively). Each colony was tested for the presence and extent of N. ceranae infestation following the protocols described below. We collected a scoop of foraging workers (approximately 150 workers) from the entrance and top bars of each colony. Workers were placed in a plastic bag on ice and transported back to the laboratory, at which time they were frozen and held at −20°C until processing.
Patriline sampling (phase 2)
In May 2010, the five Russian colonies with the highest infestation levels of N. ceranae were chosen and sampled for N. ceranae and patriline analyses. In August 2010, the five Italian colonies with the highest infestation levels of N. ceranae were chosen and sampled for the same analyses. We chose those colonies with the highest infestation levels to increase the likelihood of obtaining individual bees with high N. ceranae levels. Approximately 200 foraging workers from each of the ten colonies (five Russian, five Italian) were sampled from both the entrance and top bars of each hive to ensure that only older bees were collected. Workers were placed in a plastic bag on ice and transported to the laboratory, where they were frozen and held at −20°C until processing.
DNA extraction
Bees were prepared for DNA extraction by separation of the thorax and the abdomen. Each portion of an individual bee (144 workers per colony) was placed in a separate microfuge tube for DNA extraction. Two separate protocols (Bourgeois et al. 2010a, b) were used for DNA extraction for patriline determination and N. ceranae detection and quantification. Briefly these are: 2.3.1. Patriline determination DNA was extracted from the thorax of individual worker bees. Samples were first homogenized in lysis buffer (100 mM Tris pH 8.0, 10 mM EDTA pH 8.0, 1% SDS) with 100 mg 1-mm glass beads for 3 min at speed 8 in a Bullet Blender (Next Advance, Inc., Averill Park, NY) and then treated with proteinase K (20 mg/mL) at 55°C for 1 h. Ammonium acetate (7.5 M) was then added for protein precipitation, followed by ethanol precipitation of the genomic DNA, and drying of the DNA pellet to remove any remaining ethanol. Pure genomic DNA was rehydrated in Millipore filtered and deionized water and stored at 4°C. A total of 96 microsatellite markers (Solignac et al. 2007 ) were screened for a previous study (Bourgeois et al. 2010b ). Four were selected that showed high levels of polymorphism and were used for subsequent analyses. Primer sequences, GenBank accession numbers, and amplification conditions are listed in Table I . In addition to the forward and reverse primers, an additional primer (Univ) was used (Schuelke 2000) . The Univ primer sequence is M13 (GAGTTTTCCCAGTCACGAC). This primer was modified with one of three fluorescent dyes (WellRed dyes; Integrated DNA Technologies, Coralville, IA) to facilitate pool-plexing of PCR products for fragment analysis. Pool-plexing is a method by which PCR products are mixed together and then analyzed simultaneously. The forward primer for each locus was modified (MF) at the 5′ end by the addition of the complementary sequence to the Univ primer. Amplification conditions were optimized on a Veriti Thermal Cycler® (Applied Biosystems, Foster City, CA) and were used for all subsequent reactions. The optimized amplification profile was for FAST PCR: 20 s at 95°C, followed by 40 cycles of 1 s at 95°C and 20 s at 60°C. Each 6.5-μL reaction included 1.5 pmol of each primer (MF, R, and Univ), 2× GeneAmp® Fast PCR Master Mix (Applied Biosystems, Foster City, CA), and template DNA (50-100 ng).
Amplification products were analyzed with a Beckman GeXP GenomeLab® Genetic Analyzer (Beckman Coulter, Inc., Fullerton, CA) and GenomeLab software (Beckman Coulter, Inc.). Four microliters of PCR product were mixed with Frag-400 size standards (Beckman Coulter, Inc.) and deionized Table I . Primer and locus information for microsatellite loci used for patriline assignment (Solignac et al. 2007) . Locus 
N. ceranae detection and quantification
Whole abdomens from each bee were homogenized with 100 mg 1-mm glass beads and 1 mL distilled water in a Bullet Blender (Next Advance, Inc., Averill Park, NY). A 200-μL aliquot of the homogenate was then transferred to a new tube and centrifuged at 14,000×g for 2 min. Whole abdomens were sampled to acquire a measure of total N. ceranae infestation (i.e., all life stages; vegetative, immature spore, and mature spore). The supernatant was removed and the pellet resuspended in 200 μL of 0.3% H 2 O 2 and incubated at room temperature for 15 min. Lysis buffer (100 mM Tris pH 8.0, 10 mM EDTA pH 8.0, 1% SDS) and 100 mg 1-mm glass beads were then added to each sample and homogenized for 3 min at speed 8 in a Bullet Blender and then treated with 80 μL proteinase K (10 mg/mL) at 70°C for 10 min. After proteinase K treatment, 7.5 M NH 4 OAc was added for protein precipitation, followed by isopropanol precipitation, 2×70% EtOH washes, and lyophilization. Pure genomic DNA was rehydrated in Millipore filtered and deionized water and stored at 4°C.
Detection and quantification were performed on a StepOne™ Real-time PCR System (Applied Biosystems, Carlsbad, CA). Protocols for FAST PCR and reagent specifications followed those described by Bourgeois et al. (2010a) . Modifications to the protocol were made by elimination of primers and probe reagents for N. apis and addition of distilled water to adjust the reaction volume to 12.5 μL. All other reagents and specifications remained the same. All samples were run in triplicate and were directly quantified by comparison to a standard curve of known levels of N. ceranae DNA copy number. Standards were generated from serial dilutions of a cloned PCR product of the target sequence from N. ceranae (Bourgeois et al. 2010a) . Each set of reactions contained a no template control to detect the presence of potential contamination.
Data analysis
Patriline determination was generated from microsatellite genotypes of the four loci described in Table I using the software package COLONY (Wang 2004; Wang and Santure 2009; Jones and Wang 2010) . Results from the real-time PCR assays (i.e., number of copies of the N. ceranae PCR product) were converted to numbers of individual N. ceranae genomes represented (as vegetative or spore form) per bee as described by Bourgeois et al. (2010a) and are expressed as Nosema/bee in whole numbers. Nosema "counts" were log transformed and subjected to analysis of variance to determine differences between patrilines, colonies, and lineages (GLM procedure using lineage, colony, and patriline as fixed effects, with patriline nested within colony: SAS v9.2, SAS Institute, Inc., Cary, NC). P values were calculated for comparisons by day (using pdiff of LSMeans) when the GLM results were significant.
RESULTS
Prescreening of Russian and Italian colonies (phase 1)
Colony level measurements (expressed as Nosema/bee as estimated from 100 bees/colony) of N. ceranae in Russian colonies averaged 8× 10 5 and ranged from 0 to 8×10 6 and in Italian colonies averaged 2×10 6 and ranged from 21 to 9×10 6 (Figure 1) . Each of the five Russian colonies selected for individual level measurements had N. ceranae levels between 2×10 6 and 8×10 6 . Each of the five Italian colonies selected had infestation levels between 2×10 6 and 9 × 10 6 Nosema/bee. The Russian and Italian colonies used in phase 2 did not differ in N. ceranae infestation levels (P >0.05; Figure 1 ) at the time of colony selection.
N. ceranae levels in lineages
and colonies used in patriline analysis (phase 2) Nosema/bee. Although each of these colonies were the most highly infected in their apiary during phase 1 of the study, colony infestation levels varied widely during phase 2 (Table II, Figure 2 ). Pairwise comparisons between each of the five phase 2 Russian colonies showed significant differentiation in mean N. ceranae levels with the exception of colony A. Relative to the other four Russian colonies, the variance among bees within colony A was large (2×10 6 ±2×10 6 ; mean±SEM; Table II, Figure 2 ).
Pairwise comparisons of the Italian colonies sampled in phase 2 of the study also showed Patrilines and Nosema ceranae in honey bees significant differentiation among colonies (P< 0.0001). Italian colonies A and B had lower N. ceranae levels (1×10 3 ±3×10 2 and 1×10 3 ±1× 10 2 , respectively) when compared to the other Italian colonies (P≤0.0001; Table II ).
Patriline analysis of individual bees
The number of patrilines in each colony ranged from 13 to 41 among the five Russian colonies and from 16 to 36 among the five Italian colonies. Patrilines with fewer than three individuals were removed from the analyses to reduce bias arising from low expected values. When these patrilines were removed, a large degree of variation among colonies for numbers of patrilines for both lineages of bees was still evident (Table II) .
Within Russian colonies, infestation levels significantly differed among patrilines (P=0.02; Figure 2 ). Colony D was the exception, due to low infestation levels overall (1×10  3 ±2×10   2   ;  Table II there was no significant differentiation among patrilines (P=0.66; Figure 2) The proportion of bees infected (incidence) within each patriline differed between Russian and Italian colonies (P<0.0001; Russian-83.49±2.27%, Italian-66.4±2.36%; Figure 3) . A comparison of incidence and abundance of N. ceranae infestation for each patriline revealed a positive correlation among Russian patrilines (y=0.0251x+1.2061; R 2 =0.3476; P=0.007). No similar statistical relationship was evident among Italian colonies (y=0.0092x+3.0477; R 2 =0.1318, P=0.2563).
DISCUSSION
The results for the Russian honey bees are congruent with predictions derived from the parasite hypothesis for the evolution of polyandry in eusocial insect queens. The hypothesis predicts that an increase in genetic diversity within a colony will confer parasite resistance at the colony level (Tooby 1982; Hamilton 1987; Sherman et al. 1988; Schmid-Hempel 1995) . While both lineages showed indications of patrilineal-based variation in levels of N. ceranae, only the Russian colonies demonstrated significant variation among patrilines. Differentiation in N. ceranae levels among the lineages was evident in phase 2 despite selection of colonies with comparable infestation levels in the previous month (phase 1), although sampling months did differ seasonally. The cyclical patterns of N. ceranae infestations have not yet been well defined. Long-term studies are underway to elucidate more definitive patterns in the N. ceranae levels. While the Russian lineage had lower levels of N. ceranae, the incidence of infestation among individuals within each patriline was substantially higher and more consistent. High incidence but relatively low infestation level is indicative of a chronic infestation and may indicate the ability of many Russian honey bee patrilines to suppress acute infestations of N. ceranae.
The significant intracolonial genetic variance in both pathogen incidence and abundance found for Russian honey bees are consistent with findings with other organisms. Hughes and Boomsma (2004) showed that in the leaf cutter ant Acromyrmex echinatior, the incidence of a virulent fungal pathogen varied among patrilines. In A. mellifera the incidence of the bacterial pathogen Paenibacillus larvae also varied among patrilines (Palmer and Oldroyd 2003) . Collectively, these studies strongly suggest that intracolonial genetic diversity enhances colony level disease resistance.
Artificial manipulation of patriline diversity has significant effects on colony level disease incidence. In naturally polyandrous honey bees, artificial reduction in intracolonial genetic diversity increases disease severity (Tarpy 2003; Tarpy and Seeley 2006; Seeley and Tarpy 2007) . Remarkably, when artificial insemination was used to create polyandrous colonies in the naturally monandrous bumble bee (Bombus terrestris, Baer and Schmid-Hempel 1999), disease incidence was significantly reduced. Together, these studies show how colony level disease resistance is an emergent property of intracolonial genetic diversity. Our study extends these findings by showing how exposure to a pathogen selects for genetic diversity in the host.
Our study provides the first evidence for genetic variation in resistance to N. ceranae, but only in the Russian lineage. The source population for the Russian lineage was established from western European bees in far eastern Russia in the mid-1800s (Crane 1978) . Thus the source population has been exposed to indigenous pathogens from the in that area, notably Varroa destructor and very likely N. ceranae. The first documented discovery of genetically based variance in resistance to V. destructor in A. mellifera was also in the parent population of the Russian lineage (Rinderer et al. 2001) . In contrast, numerous breeding efforts to find genetic variance for resistance to V. destructor in Apis mellifera in Europe that was naive to the parasite have been unsuccessful (Buchler et al. 2010 ). It appears that for managed Russian honey bees, ca. 150 generations was sufficient for A. mellifera to respond to natural selection and develop genetic variance in resistance to parasites. The exceptionally high levels of recombination in A. mellifera (Beye et al. 2006 ) favor rapid evolution. Hamilton's (1980) hypothesis that sex evolved as a mechanism to thwart the evolution of virulent pathogens probably extends to the maintenance of extreme polyandry as well.
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